Abstract. This paper is concerned with the dynamic characteristics of sinter-forged Cu-Cr alloy for various strain-rates. The amount of the chrome content is varied from 10 %wt to 30 %wt in order to investigate the influence of the chrome content on the dynamic characteristics. The dynamic response at the corresponding level of strain-rate should be obtained with an adequate experimental technique and corresponding apparatus due to the inertia effect and the stress wave propagation. In this paper, the high speed tensile testing machine is utilized in order to identify the dynamic response of the Cu-Cr alloy at the intermediate strain-rates and the split Hopkinson pressure bar is used at the high strain-rates. Experimental results from both the quasi-static and the high strain-rates up to the 5000/s are interpolated with respect to the amount of the chrome content in order to construct the Johnson-Cook and the modified Johnson-Cook model as the constitutive relation for numerical simulation of the dynamic impact behavior of electrodes.
Introduction
A vacuum circuit breaker (VCB) is a device to distribute the electric arc uniformly when interruption is required to shut off the electric circuit because of the fault or accident. A VCB has a vacuum interrupter (VI) as a core component. The VI is a sealed unit in which a pair of contacts (electrodes) is mounted in a vacuum valve. Since a contact material determines the efficiency of the vacuum interrupter, the material requires high current interrupting, high impact resistance and low electric resistance. In order to satisfy those required conditions, the contact component of the VI is manufactured by sintering copper (Cu) and chrome (Cr) powder. The chrome increases the contact strength of electrodes and prevents the contact surface from melting by the electric arc.
Deformation of the material in contact depends on the strain-rate at the closing stroke due to high closing velocity of 12m/s. When a structure deforms under the dynamic loading, the inertia effect and the stress wave propagation become so important that the material properties are remarkably changed by the level of the strain-rate. In order to investigate the impact behavior in contact, the dynamic characteristics of sinter-forged Cu-Cr alloy need to be specified. It is also necessary to identify the influence of chrome content on the dynamic characteristics of the Cu-Cr alloy.
The dynamic response at the corresponding level of the strain-rate should be obtained with adequate experimental techniques and apparatus due to the inertia effect and the stress wave propagation. At intermediate strain-rates up to 500/s, a servo-hydraulic testing machine has to be employed in order to acquire the accurate stress-strain curve at corresponding strain-rates and to identify the dynamic characteristics of material [1] . The material properties could be also measured by a drop weight machine, a cam plastometer and a rotary wheel machine [2] . At high strain-rates ranged from 1000 to 10000/s, the split Hopkinson pressure bar is a very popular experimental technique [3] . The stress-strain curves for the high strain-rate can be acquired by measuring the stress waves propagating through the incident and the transmitted bar in the apparatus.
In this paper, dynamic material tests of sinter-forged Cu-Cr alloy with various sintered chrome 
Experiments
A contact component of a vacuum interrupter is manufactured by sintering mixed Cu and Cr powder. Chrome has advantage to increase the contact strength of electrodes and to prevent the contact surface from melting by the electric arc. In order to identify the influence of chrome content on the dynamic characteristics of Cu-Cr alloy, the amount of the sintered chrome is varied from 10 %wt to 30 %wt. The microstructure of the specimen is shown in Fig. 1 .
The dynamic response of the sinter-forged Cu-Cr alloy at the intermediate strain-rates was obtained with the servo-hydraulic high speed material testing machine. The tensile tests were carried out at the strain-rate ranged from 1/s to 50/s. Stress-strain curves of the Cu-Cr alloy containing 10 %wt Cr are shown in Fig. 2 (a) with the variation of the strain-rate. The experimental results shown in Fig. 2(a) demonstrate that the flow stress is greatly influenced by the strain-rate. High speed compression tests at the high strain-rates were performed using split Hopkinson pressure bar with disc type specimen. The strain-rates acquired with Hopkinson bar test were ranged from 1000/s to 5000/s. The measured stress waves through the incident and the transmitted bar are shown in Fig. 2 (b) at the strain-rate of 1000/s. The magnitude of incident and reflected wave is greater than that of transmitted one because of the difference of the impedance between the apparatus bar and specimen. The stress-strain curves for the high strain-rate are acquired using the measured stress waves [3] .
In order to investigate the effect of the strain-rate and the chrome content, the yield stress and the failure elongation were evaluated with respect to various strain-rates at the corresponding chrome Fig. 3(a) with respect to the strain-rate. As the strain-rate increases, the yield stress is remarkably increased. The fracture elongation is depicted in Fig. 3(b) with respect to the log scale of the strain-rate. The fracture elongation is generally decreased as the strain-rate increases until the strain-rate of 10/s and after then the fracture elongation has almost similar value regardless of the strain-rate. It is because the development of necking is restrained at the corresponding strain-rates [1] . The influence of chrome content is also represented in Fig. 3 . The increase of the sintered chrome content results in the increase of the yield stress while the fracture elongation is decreased.
Constitutive relation
The Johnson− − − −Cook [4] model is represented by Eq. 1.
where T is the current temperature and melt T is the melting temperature of the specimen. The first bracketed term in the Eq.1 is the strain hardening term; the second is the strain-rate hardening term; and the third is the thermal softening term. The initial yield stress with respect to the strain-rate is plotted in Fig. 4 with respect to the log scale of the strain-rate to determine the constant C in the second term. The Johnson-Cook model interpolates the initial yield stress at the strain-rate of 1/s and higher levels as a linear function as shown in the Fig. 4 with a dashed line while experimental results indicate that the linear interpolation is not adequate. For better description of the material behavior, the experimental data are interpolated using the quadratic term for the strain-rate [5] as shown in Eq. 2.
( ) Table 1 . These constants provide the stress− − − −strain curves at various strain-rates. 
Conclusion
In this paper, dynamic experiments were carried out in order to identify the dynamic characteristics of sinter-forged Cu-Cr alloy. The amount of the chrome content is varied from 10 %wt to 30 %wt in order to investigate the influence of the chrome content on the dynamic response. The high speed tensile testing machine is utilized at the intermediate strain-rate and the split Hopkinson pressure bar is utilized at the high strain-rate. Dynamic experiments provide the strain-rate sensitivity and the fracture elongation of the Cu-Cr alloy with different chrome content. Experimental results also represent that the increase of the sintered chrome content makes the yield stress increased while it makes the fracture elongation decreased. Experimental results with various strain-rates up to the 5000/s are interpolated with respect to the amount of the chrome content in order to construct the Johnson-Cook and the modified Johnson-Cook model as the constitutive relation that should be applied to numerical simulation of the dynamic impact behavior of electrodes.
